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Introduction {#sec005}
============

Papillary thyroid carcinoma (PTC) is the most common endocrine malignancy and its incidence is rapidly increasing globally\[[@pone.0153319.ref001]\]. PTC is highly curable, and the overall survival rate is reported to be 90%. However, up to 10% of patients with PTC eventually die as a result of this disease\[[@pone.0153319.ref002]\]. Several clinical factors predict poor prognosis in patients with PTC: older age (\>45 years), tumor size \>5 cm, extrathyroidal extension, multifocal tumors, lymph node metastasis, distant metastasis, an aggressive histological subtype, advanced TNM stage, and recurrence\[[@pone.0153319.ref003]\].

Several genetic changes have been associated with PTC; the most common is the BRAF V600E mutation. A recent large-cohort, multicenter study identified an association of the BRAF V600E mutation with a higher mortality rate in patients with PTC\[[@pone.0153319.ref004]\]. However, several other studies have reported no or a partial association of the BRAF mutation with high-risk pathological characteristics\[[@pone.0153319.ref005]--[@pone.0153319.ref007]\]. The association of the BRAF V600E mutation with more aggressive clinicopathological features in patients with PTC thus remains controversial.

Telomerase reverse transcriptase (TERT) is the catalytic subunit of telomerase, which plays a key role in cellular immortality\[[@pone.0153319.ref008]\]. Two TERT promoter mutations (1 295 228 C\>T and 1 295 250 C\>T, referred to as124C\>T and146C\>T, respectively, in the following text), particularly the 124C\>T mutation, have been identified in bladder cancer and glioblastoma\[[@pone.0153319.ref009]\], suggesting a role for TERT promoter mutations inhuman tumorigenesis. Recent studies have reported TERT promoter mutations in thyroid cancers; these mutations are particularly prevalent in aggressive thyroid cancers and BRAF mutation-positive PTC\[[@pone.0153319.ref010],[@pone.0153319.ref011]\]. Another study observed that TERT-mutant tumors are associated with a significantly higher prevalence of distant metastasis and poorer survival, regardless of BRAF status\[[@pone.0153319.ref012]\].

In this single-center, retrospective study, we evaluated the prevalence of the BRAFV600E mutation and TERT promoter mutations in Chinese patients with PTC and the relationship between these genetic mutations and various clinicopathological features.

Materials and Methods {#sec006}
=====================

Patients who were diagnosed with primary PTC and underwent radical resection at Peking Union Medical College Hospital between January 2010 and December 2012 were enrolled in the present study. The following exclusion criteria were applied: less than subtotal thyroidectomy, unavailability of formalin-fixed paraffin-embedded (FFPE) tissue blocks, and insufficient clinical information. Archived hematoxylin and eosin-stained slides were reviewed by two experienced pathologists to confirm the pathological diagnosis and to obtain detailed pathological information, including tumor size, multifocality, histological subtypes or variants, and the presence of lymph node metastasis. Clinical information such as age, sex, and TNM staging of the tumor were retrieved from medical records. TNM staging was determined based on the 7^th^ edition of the American Joint Committee on Cancer (AJCC)/Union for International Cancer Control (UICC) TNM classification system\[[@pone.0153319.ref013]\].

This study was conducted with the approval of the Ethics Committee of the Peking Union Medical College Hospital, and written informed consent was obtained from all patients. During data collection, all authors had access to identifying information regarding the patients. The study was conducted in accordance with the approved protocol.

DNA extraction {#sec007}
--------------

DNA was extracted from tissue samples using the QIAGEN QIAamp DNA FFPE Tissue Kit (56404, QIAGEN) following the manufacturer's protocol and in 50 μl of buffer ATE (included in the kit). The absorbance of the extracted DNA was measured using a Merinton SMA4000spectrophotometer (Merinton Inc., Beijing, China), and the DNA was diluted with distilled water to a final concentration of approximately 2--3 ng/μl.

Detection of the BRAF V600E and TERT promoter mutations {#sec008}
-------------------------------------------------------

We tested the BRAF V600E mutation using a China Food and Drug Administration (CFDA)-approved human BRAF V600E ARMS-PCR kit (Amoy Diagnostics Co. Ltd, Xiamen, China). The quality of the extracted DNA was verified by the amplification of a housekeeping gene, which was reported in the HEX channel. Amplification was performed using the following cycling conditions on an ABI Prism 7500 thermocycler (Life Technologies, Carlsbad, California, USA):95°C for 5 min; 15 cycles of 95°C for 25 s, 64°C for 20 s, 72°C for 20 s; and 31 cycles of 93°C for 25 s, 60°C for 35 s, 72°C for 20 s. The FAM and HEX signals were collected at 60°C. The run files were analyzed and interpreted as specified in the manufacturer's manual.

We used classic Sanger sequencing to detect TERT promoter mutations. The TERT promoter region was amplified using the primers `5-AGTGGATTCGCGGGCACAGA-3` (sense) and `5-CAGCGCTGCCTGAAACTC-3` (antisense) and the PCR conditions previously described by Liu et al (11). The quality of the PCR products was assessed by gel electrophoresis, followed by purification and sequencing of the products on an ABIPRISM 3730XL automated genetic analyzer (Life Technologies, Carlsbad, California, USA).

Statistical analysis {#sec009}
--------------------

Clinicopathological information was summarized using descriptive statistics. Patient age was summarized as the mean±standard deviation (SD), and tumor size was summarized using median and quartiles. Categorical variables were analyzed using the chi-square test or Fisher's exact test as appropriate. Patient age and tumor size were compared using independent *t*-tests and the Mann-Whitney *U*-test, respectively. Data analysis was performed using SPSS software version 17 (SPSS Inc., California, USA). Missing data were not included in the calculation, and p\<0.05 (or p\<0.01 when multiple comparison was applied to compare the mutation rate differences between histological subtypes) was considered statistically significant.

Results {#sec010}
=======

Demographic information of enrolled patients {#sec011}
--------------------------------------------

The present study enrolled 523 patients. After applying the exclusion criteria, the final sample size was 455 cases, which included 124 (27.3%) males and 331 (72.7%) females. The mean age of the patients was 41.1±11.80 years, with a range of 11 to 73 years. Among the patients,309 (67.9%), 102 (22.4%), 35 (7.7%) and 9 (2.0%) were classified as conventional, follicular, solid, and other subtypes, respectively. Clinical staging information was available for all 455 patients. Clinicopathological and molecular profile of each patient was supplied in [S1 Table](#pone.0153319.s001){ref-type="supplementary-material"}. The demographic information of enrolled patients is summarized on the basis of the BRAF mutation or TERT promoter mutations in [Table 1](#pone.0153319.t001){ref-type="table"}.

10.1371/journal.pone.0153319.t001

###### Clinicopathological associations of BRAF V600E and TERT promotermutations.

![](pone.0153319.t001){#pone.0153319.t001g}

  Parameter                 BRAFV600E mutation(N = 455)   p Value              TERT promoter mutation(s) (N = 434)   p Value                                   
  ------------------------- ----------------------------- -------------------- ------------------------------------- -------------------- -------------------- ---------
  **Number of patients**    343(75.4%)                    112(24.6%)                                                 19(4.4%)             415(95.6%)           
  **Gender**                                                                   0.389                                                                           0.791
  F                         246(71.7%)                    85(75.9%)                                                  15(78.9%)            305(73.5%)           
  M                         97(28.3%)                     27(24.1%)                                                  4(21.1%)             110(26.5%)           
  **Age(years)**                                                               \<0.001                                                                         \<0.001
  mean±SD                   42.5±11.1                     36.8±12.9                                                  52.79±4.74           40.40±1.11           
  95% Confidence Interval   41.32--43.67                  34.33--39.19                                               47.70--57.87         39.29--41.51         
  **Size(mm)**                                                                 0.272                                                                           0.024
  Median quartiles          10.00(6.00--15.00)            10.50(6.25--15.75)                                         14.00(8.00--22.00)   10.00(6.00--15.00)   
  **Multifocality**                                                            0.717                                                                           0.302
  single                    242(75.9%)                    77(68.8%)                                                  11(57.9%)            294(70.8%)           
  multifocal                101(74.3%)                    35(31.3%)                                                  8(42.1%)             121(29.2%)           
  **Variants types**                                                           0.001                                                                           0.022
  Conventional              245 (71.4%)                   64(57.1%)                                                  13(68.4%)            282(68.0%)           
  follicular                66 (19.2%)                    36(32.1%)                                                  1(5.3%)              97(23.4%)            
  solid                     27(7.9%)                      8(7.1%)                                                    4(21.1%)             29(7.0%)             
  other                     5(1.5%)                       4(3.6%)                                                    1(5.3%)              7(1.7%)              
  **LN metastasis**                                                            0.24                                                                            0.054
  yes                       261(76.1%)                    79(79.5%)                                                  18(94.7%)            309(74.5%)           
  no                        82(23.9%)                     33(20.5%)                                                  1(5.3%)              106(25.5%)           
  **TNM stage**                                                                0.09                                                                            \<0.001
  I-II                      248(72.3%)                    90(80.4%)                                                  6(31.6%)             316(76.1%)           
  III-IV                    95(27.7%)                     22(19.6%)                                                  13(68.4%)            99(23.9%)            

Association of the BRAF V600E mutation with the clinicopathological characteristics of PTC {#sec012}
------------------------------------------------------------------------------------------

BRAF genotyping was successful for all 455 cases. The BRAFV600Emutation was detected in 343 (75.4%) of 455 patients. The BRAF-positive patients were significantly older than the BRAF-negative patients (42.5 vs. 36.8 years, p\<0.001). No significant relationship was observed with respect to gender (p = 0.389), tumor size (p = 0.387), multifocality (p = 0.717) or lymph node metastasis (p = 0.240). Multiple comparisons revealed significant differences in the prevalence of the BRAF V600E mutation between conventional PTC and the follicular variant of PTC (p = 0.003). Nine cases in our cohort were classified as "other" variants of PTC, including 4 patients with a tall-cell variant and 5 with a disseminated sclerosing variant. The BRAF V600E mutation was detected in 3 of 4 (75%) tall-cell variant PTCs and none of the disseminated sclerosing variant PTCs. Advanced TNM stage was more common among the BRAF-positive patients, with marginal significance(p = 0.090). Distant metastasis occurred in 3 patients with PTC and did not differ significantly between the BRAF-positive and BRAF-negative groups.

Association of TERT promoter mutations with the clinicopathological characteristics of PTCs {#sec013}
-------------------------------------------------------------------------------------------

TERT promoter mutation analysis was unsuccessful in 21 cases due to low nucleic acid quality. Of the remaining 434 cases, the mutation was detected in 19 (4.4%); 18 (94.7%) had the 124C\>T mutation and 1(5.3%) had the 146C\>T mutation. Compared to TERT promoter mutation-negative patients, TERT promoter mutation-positive patients tended to be older (52.8 vs. 40.4 years, p\<0.001), and present with a larger tumor (14.0 vs. 10.0 mm, p = 0.024). The -124C\>T mutation was detected in 13 of 295 (4.4%) conventional PTCs, 1 of 99 (1.0%) follicular PTCs, 3 of 33 (9.1%) solid subtype PTCs, 1 of 3 (33.3%) tall cell subtype PTCs, and 0 of 4 disseminated sclerosing subtype PTCs. The 146C\>T mutation was detected only in one solid subtype case and not in the other PTC subtypes. Multiple comparisons revealed that TERT promoter mutations tended to occur more frequently in solid variants than in tall cell variants; however, the difference was only marginally significant (p = 0.014). TERT promoter mutations were also significantly associated with more advanced TNM stage (p\<0.001). No significant relationship was observed with respect to gender (p = 0.791), multifocality (p = 0.826), or lymph node metastasis(p = 0.054).

Coexistence of TERT promoter and BRAF V600E mutations and their clinicopathological significance {#sec014}
------------------------------------------------------------------------------------------------

A TERTpromoter mutation was detected in 0.9%(1 of 106) of BRAF V600E mutation-negative PTCs vs.5.5% (18 of 328) of BRAF mutation-positive PTCs, revealing a tendency toward co-occurrence of these mutations (McNemar Test, p\<0.001). Compared with the remaining cases (BRAF V600E mutation alone or BRAF wild type and TERT promoter wild type), the coexistence of BRAF V600E and TERT promoter mutation was associated with virtually all high-risk factors, such as older age (p\<0.001), larger tumor(p = 0.025), lymph node metastasis(p = 0.040), and advanced TNM stage(p\<0.001). In contrast to cases harboring only BRAF V600E mutations, simultaneous BRAF and TERT promoter mutations were associated with older age upon diagnosis (p\<0.001), larger tumor size (p = 0.011), more advanced TNM stage (p\<0.001), and the solid subtype of PTC in contrast to the follicular subtype (p = 0.006) ([S2 Table](#pone.0153319.s002){ref-type="supplementary-material"}). In contrast to BRAF wild type and TERT promoter wild type cases, simultaneous BRAF and TERT promoter mutations were associated with older age upon diagnosis (p\<0.001), more advanced TNM stage (p\<0.001), and the solid subtype of PTC in contrast to the follicular subtype (p = 0.003). Simultaneous mutations also displayed a trend of association with larger tumor size that was not statistically significant (p = 0.056) ([S3 Table](#pone.0153319.s003){ref-type="supplementary-material"}). In TERT promoter mutation-negative PTC cases, the BRAF V600E mutation was associated with older age (p\<0.001) and conventional subtype (p = 0.007) but not with other clinicopathological features.

Discussion {#sec015}
==========

BRAF V600Eis the most common mutation in PTC and plays a role in the initiation of follicular cell transformation \[[@pone.0153319.ref014]\]. Attempts to associate this mutation with poor outcome or other predictors, such as larger tumor size, multifocal lesions, distant metastasis, and recurrence, have yielded conflicting results \[[@pone.0153319.ref007]\]. Consequently, investigators have sought possible molecular confounding factors. TERT promoter mutations have been reported in glioma, breast cancer, and bladder cancer \[[@pone.0153319.ref009], [@pone.0153319.ref015]\] and were recently identified in thyroid malignancies. In contrast to the BRAF V600E mutation, the association of TERT promoter mutations with poor prognosis is well established \[[@pone.0153319.ref010], [@pone.0153319.ref012], [@pone.0153319.ref016]\]. However, in studies examining both the BRAF and TERT promoter mutations, the true prognostic efficacy of the BRAF mutation for PTC patients and its potential confounding by TERT promoter mutations have remained undetermined \[[@pone.0153319.ref011], [@pone.0153319.ref017], [@pone.0153319.ref018]\].

In this retrospective, single-center study, we investigated BRAF V600E and TERT promoter mutational status in 455 PTC cases in China and attempted to associate these mutations with different clinicopathological features of PTC. The BRAF V600E mutation was associated with older age and conventional subtype but not with more well-established prognosticators such as tumor size, multifocality, or TNM stage. Our results are consistent with the results of a study by Trovisco et al that enrolled 280 European patients \[[@pone.0153319.ref019]\] but conflict with the results of Xing et al, who reported an association of the BRAF V600E mutation with higher mortality among PTC patients \[[@pone.0153319.ref004]\]. However, the BRAF V600E mutation plays a role in the lack of avidity of PTCs for radioactive iodine\[[@pone.0153319.ref020]\], thus explaining the higher recurrence rate\[[@pone.0153319.ref021]\] and increased risk of disease-specific death.

TERT promoter mutations were associated with older age, larger tumor size, the solid variant of PTC, and more advanced TNM stage in the present study. Our results suggest that TERT promoter mutations indicate a poorer prognosis, consistent with previous studies\[[@pone.0153319.ref011], [@pone.0153319.ref016], [@pone.0153319.ref022]\]. Of 19 TERT promoter mutation-positive cases, 18(94.7%)also harbored a BRAF V600E mutation. A similar association was reported by Xing et al.\[[@pone.0153319.ref017]\], who observed a lower rate of coexisting mutations. Such findings are important because in the presence of highly coexisting mutations, it is difficult to control for the effect of the BRAF mutation, and thus the true prognostic efficacy of TERT promoter mutations cannot be distinguished. However, after excluding the 19 TERT promoter mutant cases, the association between the BRAF V600E mutation and clinicopathological features remained unchanged. Thus, the BRAF V600E mutation is associated with older age and conventional PTC but not more established prognosticators such as tumor size, multifocality, or TNM stage in TERT promoter-negative cases. These results suggest that the TERT promoter mutations might be more significantly associated with established prognostic factors such as more advanced TNM stage compared to the BRAF mutation.

The prevalence of the BRAF V600E mutation in the present study was 75.5%, much higher than figures previously reported for Western populations. A recent study by Liu et al reported a prevalence of 61.3% for the BRAF V600E mutation in Chinese PTC patients who had been exposed to various levels of iodine intake\[[@pone.0153319.ref011]\]. These differences in prevalence might be the result of differences in methodology. The limit of detection (LOD) for mutant alleles was as low as 1% for the ARMS-PCR method used in the present study\[[@pone.0153319.ref023], [@pone.0153319.ref024]\]. By contrast, the LOD of Sanger sequencing is usually as high as 10%. Thus, low-frequency BRAF V600E mutations might have not been identified in previous studies.

In this study, the prevalence of TERT promoter mutations was 4.4% in patients with PTC, lower than in previous studies\[[@pone.0153319.ref010], [@pone.0153319.ref011], [@pone.0153319.ref017]\]. Interestingly, Liu et al reported an exceptionally higher prevalence of TERT promoter mutations in Chinese PTC patients compared to that reported in the present study (11.3% vs. 4.4%). Their study and ours both enrolled patients with similar age ranges and an identical proportion of advanced-stage patients and adopted Sanger sequencing for the analysis of the TERT promoter region. However, tumor size was significantly larger in their study than in the present study (3.14±1.62 cm vs. 1.61±0.97 cm for TERT mutation-positive cases and 2.48±1.58 cm vs. 1.14±0.72 cm for TERT mutation-negative cases in Liu's and our studies, respectively). Consequently, the sample in the present study might represent PTC cases with smaller tumor size\[[@pone.0153319.ref011]\]. In both studies, TERT promoter mutation was associated with larger tumor size, potentially explaining the lower prevalence of TERT promoter mutations among our cases.

In addition to the relationship between small tumor size and a lower TERT promoter mutation rate, the small tumor sizes in the present study also indicate that our sample primarily included low-risk PTCs. This characterization is important because the exceptionally high BRAF V600E mutation rate in low-risk PTC cases may further support a lack of association between this mutation and the aggressiveness of PTC.

This study is subject to the following limitations. First, follow-up results were not provided, making the study less informative. Follow-up results were not reported because distant metastasis and disease-specific death were rare among the enrolled patients throughout the follow-up period, most likely due to an insufficient duration of follow-up and the low-risk characteristic of the patients. Second, the TERT promoter region was examined using Sanger sequencing. Although Sanger sequencing is considered the gold standard for genetic analysis, it suffers from a relatively high LOD. The sensitivity of this method only permits the identification of mutant alleles with a penetration of greater than 10%. By contrast, the analysis of BRAF V600E mutation status was performed using an ARMS-PCR kit, which permits the identification of mutant alleles with a penetration of 1% in a specimen. Thus, while we might have failed to detect some low-frequency TERT promoter mutations in our cohort, too many cases might have been categorized as BRAF V600E-positive in the present study. This conclusion does not necessarily imply that we introduced false-positives in the detection of BRAF V600E mutations but rather that some very low-penetration cases might have been considered BRAF V600E-positive cases in the statistical analysis. The association of such a low penetration of a mutant allele with poor prognosis remains largely unknown. While it is unclear how this inconsistent performance of the methodology affected the results, it might have contributed to the non-association between BRAF V600E and established prognosticators. Thus, future studies should examine not only the presence of the mutation but also the frequency of the mutant alleles to determine the genotype-phenotype association within the study cohort. Third, as a single-center study enrolling mostly low-risk PTC patients, the generalizability of the conclusions is limited to low-risk PTC patients from the northern part of China. Given these limitations, we were unable to draw definitive conclusions regarding the prognostic values of the BRAF V600E mutation and TERT promoter mutations. We will continue to follow these patients and perform re-analyses of the two targets using the same methodology used in the present study.

In conclusion, we have reported the prevalence and clinicopathological associations of BRAF V600E and TERT promoter mutations in Chinese PTC patients. These results suggest that TERT promoter mutations rather than the BRAF V600E mutation are associated with more advanced TNM stage upon diagnosis.
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